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Abstract

Background and aims Plant adaptation to waterlogged
conditions requires a set of morphological and
physiological/biochemical changes. The formation of
aerenchyma is one of the most crucial adaptive traits
for waterlogging tolerance. Enzymatic scavenging may
also potentially contribute to waterlogging tolerance by
providing detoxification of reactive oxygen species
(ROS).

Methods Changes of root porosity (as an indicator of
aerenchyma formation) and activities in leaves of four
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major antioxidant enzymes, y-amino butyric acid
(GABA) and lactic acid contents in roots were evaluated
in six barley genotypes contrasting in waterlogging
tolerance.

Results Soil waterlogging caused significant increases
in adventitious root porosity in all genotypes.
Waterlogging-tolerant genotypes showed not only sig-
nificantly higher adventitious root porosity than sensi-
tive genotypes but also much faster development of
aerenchyma. The greatest difference in adventitious root
porosity among genotypes was observed after 7 days of
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waterlogging treatment. At the same time, antioxidant
enzyme activities in leaves, GABA and lactic acid con-
tents in roots did not correlate with waterlogging
tolerance.

Conclusions A faster formation of aerenchyma in ad-
ventitious roots is one of the key factors for
waterlogging tolerance in barley. This protocol is rec-
ommended to be applied in future studies to identify
molecular markers linked to this trait using appropriate
mapping populations.

Keywords Barley - Waterlogging tolerance - Root
aerenchyma - Root porosity - Antioxidant enzymes -
Reactive oxygen species

Introduction

Excess water and poor soil drainage constraints are
estimated to adversely affect approximately 10 % of
the global land area (Setter and Waters 2003). Dramatic
floods occur in all continents and result in an estimated
annual damage of crops exceeding 60 billion euros
(www.dartmouth.edu/~floods/Archives/2005sum.htm).
With the exception of rice, most crops are sensitive to
waterlogging and show significant decline in yield when
grown in flooded soils. Barley (Hordeum vulgare L.) is
one of the most sensitive crops, with 20-25 % yield
losses being reported under waterlogging conditions in
the field (Setter et al. 1999; de San et al. 2014). One of
the main factors influencing plant growth under
waterlogging conditions is oxygen deprivation of the
roots. Oxygen deprivation reduces ATP levels in plants,
causing other physiological and biochemical problems
(Bailey-Serres and Voesenek 2008; Colmer 2003b).
Common symptoms of waterlogging injury include re-
duced shoot nitrogen content, leaf area, biomass, shoot
growth, root growth, and chlorophyll content (Malik
et al. 2001; Pang et al. 2004; Zhou et al. 1997).

While application of fertilisers to either soil or foliage
(Pang et al. 2007b; Zhou et al. 1997) was shown to
improve crop growth and yields under waterlogging
conditions, development of waterlogging-tolerant geno-
types is the most effective and economical approach to
improve production under stress conditions. However,
little progress has been made in breeding barley geno-
types for waterlogging tolerance due to the low herita-
bility and highly variable waterlogging conditions
(Collaku and Harrison 2005; Zhou 2010). Field-based
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experiments rather than lab-based physiological traits
were mostly used to screen waterlogging-tolerant geno-
types by breeders (Khabaz-Saberi et al. 2005). Because
of the complexity of waterlogging tolerance and varia-
tion in field conditions, it might not be effective to make
direct selection for waterlogging tolerance in the field.
Understanding the mechanisms of waterlogging toler-
ance makes it possible for plant breeders to target indi-
vidual physiological traits and pyramid different
tolerance-related traits to generate barley pre-breeding
material with enhanced waterlogging tolerance. To
achieve this, it is essential to identify physiological traits
which are correlated with waterlogging tolerance.

Different mechanisms are involved in plant tolerance
to waterlogging stress. High root porosity resulting from
the formation of aerenchyma is effective in avoiding
adverse effects caused by waterlogging in cereal crops
(Setter and Waters 2003), as internal oxygen supply to
roots is enhanced (Colmer 2003b). Root porosity, which
is the percentage of gas volume per root volume, is
widely used as an indicator of aerenchyma formation
reviewed by Colmer (2003b). Aerenchyma provides an
internal system of gas-filled spaces to improve the dif-
fusion of oxygen (Armstrong 1979; Evans 2003). In
waterlogged plants, oxygen supply in roots depends
mainly on the oxygen transportation from shoots
through aerenchyma (Armstrong 1979). The increased
concentration of oxygen leads to root aerobic respiration,
resulting in increased energy in roots (Drew et al. 1985).
Lysigenous aerenchyma is normally induced under hyp-
oxia conditions among many species, including barley
(Barrett-Lennard 2003). The higher degree of aerenchy-
ma formation is the main mechanism contributing to the
better waterlogging tolerance in rice than other dryland
cereals (Bailey-Serres and Voesenek 2008).

Plant responses to oxygen deprivation also involve the
formation of reactive oxygen species (ROS) such as su-
peroxide radical (O, ), hydroxyl radical (OH),
hydroperoxyl radical (HO,) and hydrogen peroxide
(H,0,) (Bailey-Serres and Chang 2005; Blokhina et al.
2003), which are harmful to cellular metabolism (Shabala
et al. 2014). At the same time, some ROS are used as
signalling molecules in plant adaptive responses to the
range of abiotic and biotic stresses (Baxter et al. 2014).
Waterlogging is not an exception, and considerable evi-
dence is accumulated that ROS production, by either a
plasma membrane (PM) NAD(P)H oxidase and/or mito-
chondria, regulates plant adaptive responses to oxygen
deprivation (Bailey-Serres and Chang 2005). To deal with
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oxidative stress, plants use different enzymatic and non-
enzymatic mechanisms to scavenge overproduced ROS.
Major antioxidant (AO) enzymes include superoxide dis-
mutase (SOD), peroxidase (POD), catalase (CAT) and
ascorbate peroxidases (APX). SOD is controlling the
dismutation of O, to H,O,, which is a stable molecule
that can be either used for signalling purposes or be further
scavenged to water by APX, POD or CAT. Non-
enzymatic antioxidants include ascorbic acid (AA), gluta-
thione and phenolic compounds (Blokhina et al. 2003).
Due to above potentially harmful role of ROS
hyperaccumulation in stressed tissues, plants with higher
AO activities are generally considered to be more tolerant
to a broad range of stresses, including waterlogging
(Yordanova et al. 2004; Zhang et al. 2007).

Deprivation of O, triggers cessation of the tricarbox-
ylic acid cycle and oxidative phosphorylation, and the
production of ATP is shifted from the mitochondrial
electron transport chain to alcoholic fermentation (Lee
et al. 2014). Even though energy yield from anaerobic
fermentation is 18-fold lower than the yield from aerobic
respiration (only 2 vs 36 mol of ATP per mole of glu-
cose), this metabolic pathway supports glycolysis by re-
oxidizing NADH to NAD" and allows the production of
ATP required for the survival of plant cells. The above
alcoholic fermentation includes two components: ethanol
fermentation (catalysed by pyruvate decarboxylase and
alcohol dehydrogenase) and lactate fermentation
(catalysed by lactate dehydrogenase) (Takahashi et al.
2014). Alcoholic fermentation is also accompanied by
increased biosynthesis of alanine, 'y-aminobutyric acid
(GABA), succinate and malate (Gibbs and Greenway
2003; Bailey-Serres and Voesenek 2008; Kreuzwieser
et al. 2009). Root carbohydrate reserves seem to be
important for waterlogging tolerance since the starch in
roots is rapidly used up to maintain the function of roots
(Sauter 2013). The up-regulation of o-amylases in the
leaf is able to break down starch to sugars to produce
more ATP (Voesenek and Bailey-Serres 2015). In addi-
tion, carbohydrate transporters are triggered to transport
carbohydrates from shoot to root to maintain the higher
level of energy (Voesenck and Bailey-Serres 2015;
Voesenek and Bailey-Serres 2013). Relatively
waterlogging-tolerant oak species showed more effective
carbohydrates transporting and higher concentration of
carbohydrates in roots (Ferner et al. 2012).

Waterlogging also caused a remarkable increase in
GABA accumulation (Kreuzwieser et al. 2009). The for-
mation of GABA was mainly induced with increase of

cytosolic H" and Ca®" concentration (Ratcliffe 1997). In
general, GABA had a signalling role to induce a cascade
of genes that improve plants’ adapt to waterlogging
(Shabala et al. 2014).

Most of the physiological traits associated with
waterlogging tolerance are not easy to assess by high-
throughput methods, and hence, this limits the ability to
utilise these assays/approaches by breeders. In order to
effectively pyramid different tolerance-related traits to
improve waterlogging tolerance in a breeding program,
it is crucial to identify appropriate quantitative trait loci
(QTL) for key traits (including aerenchyma and ROS
detoxification) and, thus, appropriate molecular markers
closely linked to these traits. For this purpose, efficient
screening protocols to accurately phenotype these traits
have to be developed. In this study, six barley genotypes
differing in waterlogging tolerance were used to address
differences in hypothesised key traits. We report that
waterlogging-tolerant genotypes had significantly
higher adventitious root porosity and developed aeren-
chyma much faster compared with intolerant (sensitive)
genotypes. By contrast, antioxidant enzyme activities in
leaves, GABA and lactic acid contents in roots did not
show any clear correlation with waterlogging tolerance.
It is suggested that quantifying root porosity after 7 days
of waterlogging may be used as an assay to help identify
molecular markers linked to aerenchyma development
in barley and to fine map the specific loci conferring this
important trait for waterlogging tolerance.

Materials and methods

Experiment 1: waterlogging tolerance, acrenchyma
formation, adventitious root porosity and antioxidant
enzyme activities of barley in waterlogged brown
sodosol soil

Plant genotypes and waterlogging treatment

Six barley (Hordeum vulgare L.) genotypes were used
in this experiment. This included five cultivated barley
genotypes (Yerong, Franklin, YSM1, Naso Nijo and
Gairdner), and one wild barley (TAM407227). Seeds
were obtained from the Australian Winter Cereal Col-
lection or China through a joint project with Chinese
researchers on barley germplasm research.
Waterlogging tolerance of the genotypes was evaluated
in 50-L round bins filled with a brown sodosol soil as
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previously described (Zhou 2011). Texture, pH and
electrical conductivity (EC) of brown sodosol soil at
different depths are given in Table 1. Waterlogging
treatment started at a three-leaf stage and lasted for
6 weeks. Each replication was repeated three times in
the glasshouse from August to October, 2013.
Waterlogging tolerance score was based on the plant
survival and leaf chlorosis and quantified on a 0 (all
dead) to 10 (no visual symptoms) scale after 9-week
waterlogging treatment (see Zhou 2011 for details).

Plant growth measurements

After 7-day waterlogging treatment, one plant from each
replication was sampled. The following parameters
were measured: longest adventitious root length, adven-
titious root number, shoot dry weight and root dry
weight.

Root porosity

Root porosity of all genotypes was measured at 0 (just
before waterlogging treatment), 1, 3, 5, 7, 14, 21, 28, 35
and 42 days after waterlogging treatment. Measurement
of root porosity was based on the buoyancy of the
adventitious roots before and after vacuum infiltration
(Raskin 1983), using equations modified by Thomson
et al. (1990). Adventitious roots of plants were dug out
from soils and carefully washed with water. Approxi-
mately 0.3 to 0.4 g (fresh weight) of each sample was
used for measurements.

Aerenchyma formation

Adventitious roots were sampled from TAM407227,
Yerong, Franklin and Naso Nijo at day 0 (before
waterlogging treatment) and at day 7 (7 days after

Table 1 Texture, pH, and EC (electrical conductivity) of a brown
sodosol soil in experiment 1 at different depth from the Cressy
Research Station, Tasmania, Australia

Sampling depth (cm) Texture pH EC

0-16 Fine sandy loam 53 0.06
16-27 Fine sandy loam 5.9 0.02
27-60 Heavy clay 6.2 0.06
60-150 Heavy clay 72 0.15

The mixture of the soil was used in this experiment
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waterlogging treatment). About 2-cm-long root seg-
ments were taken from the mature zone, approxi-
mately 6 cm from the root apex. Cross sections were
cut by free-hand with razor blades (Pang et al. 2004)
and observed under a bright field light microscope
(Olympus BX41). Based on digital images (Olym-
pus DP20), root aerenchyma area and total root
cross-sectional area were measured using the public
domain UTHSCSA ImageTOOL program (http://
compdent.uthscsa.edu/).

Antioxidant enzyme activities

Antioxidant enzyme activities were measured at 7 and
14 days after waterlogging treatment. Fresh fully ex-
panded green leaves (0.5 g) were sampled and
homogenised using a mortar and pestle under chilling
conditions with 5 mL of 50 mM phosphate buffer, pH
7.8, containing 0.1 mM EDTA and 2 % PVP. The
homogenates were centrifuged at 12,000 rpm for
20 min at 4 °C. The supernatants were used for enzyme
assays with a spectrophotometer (Genesys10S UV-
VIS). Protein concentrations in the extracts were mea-
sured at 595 nm (Bradford 1976).

SOD activity was measured with the photochemical
nitroblue tetrazolium (NBT) method (Beyer and
Fridovich 1987). The 3-mL reaction mixture contained
2 mL solution A (0.05 M pH 7.8 phosphate buffer with
112.5 uM NBT, 19.5 mM methionine, 0.15 mM
EDTA), 0.95 mL solution B (0.05 M pH 7.8 phosphate
buffer with 60 uM riboflavin) and 0.05 mL enzyme
sample solution (tissue extract). The absorbance was
recorded at 560 nm after 10-min reaction in a light
incubator. One unit of SOD was defined as the amount
of enzyme that inhibited 50 % of NBT photo reduction
(U mg™" protein).

CAT activity was assayed by the decrease of absor-
bance at 240 nm resulting from the decomposition of
H,0, (Aebi and Packer 1984). The 3.1-mL reaction
mixture contained 1.5 mL of 0.2 M phosphate buffer
(pH 7.8) including 1 % PVP, 1 mL H,0, 0.4 mL 0.1 M
H,0, and 0.2 mL of the tissue extract. One unit of CAT
was defined as 0.01 decrease of absorbance at 240 nm per
milligram protein per minute (U mg ' protein min ).

APX activity was measured by the reduction of ab-
sorbance at 290 nm as a consequence of ascorbic acid
oxidation induced by enzymes (Nakano and Asada
1981). The 3-mL reaction mixture contained 2.5 mL
of 0.05 M phosphate buffer (pH 7.0) including
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0.1 mM EDTA, 0.2 mL 5 mM ascorbic acid, 0.2 mL
0.01 M H,0, and 0.1 mL of the tissue extract. One unit
of APX was defined as the amount of enzyme that
oxidised ascorbic acid per milligram of protein per
minute (umol mg ' protein min ).

POD activity was assayed with the increase of absor-
bance at 470 nm due to the guaiacol oxidation induced by
enzymes (Chance and Maehly 1955). The 3.1-mL reac-
tion mixture contained 2.55 mL of 0.1 M phosphate buffer
(pH 7.0) including 0.1 mM EDTA, 0.2 mL 1 % guriacol,
0.3 mL 0.01 M H,0, and 0.05 mL of the tissue extract.
One unit of POD was defined as 0.01 increase of absor-
bance at 470 nm per milligram protein per minute
(U mg" protein min ).

GABA contents

GABA contents in roots of plants were measured at
7 days after waterlogging treatment described by Bai
et al. (2009). Roots (200 mg) were sampled and
homogenised with 3 mL 4 % acetic acid. The homoge-
nate was deposited for 1 h for sufficient extraction of
GABA. Three millilitres of ethanol was further added to
the samples, and then centrifuged at 12,000g for 20 min.
The supernatant was collected and used for the mea-
surement of GABA content.

Lactic acid contents

Lactic acid contents in roots of plants were mea-
sured at 7 days after waterlogging treatment as
described by Xia and Saglio (1992). Roots
(200 mg) were sampled and homogenised in
10 % perchloric acid and neutralised with KOH.
Samples were centrifuged at 12,000g for 20 min,
and the supernatant was collected and used for the
measurement of lactic content.

UPLC-MS/MS analysis of lactic acid and GABA

Samples were analysed using a Waters Acquity H-Class
UPLC instrument coupled to a Waters Xevo triple quad-
rupole mass spectrometer. A Waters Acquity UPLC
BEH Amide column (2.1 mmX* 150 mmx 1.7 um) was
used. The mobile phase consisted of two solvents: 95 %
(v/v) acetonitrile in water with the addition of 0.1 % (v/v)
formic acid and 0.075 % (v/v) ammonium hydroxide
(solvent A) and 2 % (v/v) acetonitrile in water with the
addition of 0.2 % (v/v) formic acid and 0.1 % (v/v)

ammonium hydroxide (solvent B). The UPLC program
was 100 % solvent A held for 4 min, then to 86 %
solvent A: 14 % solvent B at 12 min, held for 0.5 min,
and this was followed by re-equilibration to starting
conditions for 5 min. The flow rate was
0.50 mL min '; the column was held at 60 °C; and the
sample compartment was at 6 °C. Lactic acid extracts
were analysed as the neat solution, while GABA ex-
tracts were diluted 50 times with laboratory water. In-
jection volume was 2 pL. Approximate retention times
were 4.7 min for lactic acid and 11.9 min for GABA.

The mass spectrometer was operated in positive and
negative ion electrospray modes with a needle voltage
of 2.7 kV. The ion source temperature was 130 °C; the
desolvation gas was N, at 950 L h™'; the cone gas flow
was 100 L h™'; and the desolvation temperature was
400 °C. Quantitative data was collected in selected ion
recording (SIR) mode monitoring (m/z) 89.1 [M-H]
(cone voltage 22 V) for lactic acid and (m/z) 104.1
[M+H]" (Cone voltage 15 V) for GABA. Analyte iden-
tifications were confirmed by simultaneous multiple
reaction monitoring (MRM) analysis using the follow-
ing precursor to product transitions: (m/z) 89.1 [M-H]
to (m/z) 43.0 [M-H] for lactic acid and (m/z) 104.1 [M+
H]" to (m/z) 87.0 [M+H]" for GABA. Cone voltages
were as described above, with collision energies of 10 V
for both analytes.

Quantitation was undertaken by external calibration
curves within the ranges 0.25 to 10 ug mL™" (lactic acid)
and 0.05 to 1.0 pg mL™' (GABA). Sample matrix
suppression was assessed by sample extract spike re-
covery at 2 pg mL ' (lactic acid) and 0.5 pg mL™'
(GABA).

Experiment 2: adventitious root porosity
and antioxidant enzyme activities of barley in aerated
commercial potting mixture

As shown in Table 1, the texture of brown sodosol soil
was fine sandy loam to 27-cm depth of soil, and heavy
clay from 27- to 150-cm depth. The brown sodosol soil
was normally waterlogged with slow drainage when
observed during the winter growing season at the Cressy
Research Station, Tasmania, Australia. This soil also
showed poor drainage in the tanks, so an alternative
was needed to ensure growth in aerobic root zones.
Therefore, in order to maintain the aerobic conditions
in a substrate, six barley (Hordeum vulgare L.) geno-
types, the same as described in experiment 1, were sown
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and grown in 50-L bins, filled with a pine bark/loam-
based potting mix with premixed slow release fertiliser.

Plant growth measurements

Growth parameters were also recorded when barley
plants were grown in aerated potting mix. Longest ad-
ventitious root length, adventitious root number, shoot
dry weights, and root dry weights were measured 7 days
after stress onset, from barley plants being at three-leaf
stage (e.g., for the same period of time and plant age as
described for experiment 1).

Root porosity

Root porosity of all genotypes in aerobic conditions was
measured at 7, 14, 21, 28, 35 and 42 days after three-leaf
stage of barley, the same period of time and method
described in experiment 1.

Antioxidant enzyme activities

Antioxidant enzyme activities in leaves of plants with
roots in aerobic conditions were measured at 7 and
14 days after three-leaf stage of barley, the same period
of time and method described in experiment 1.

GABA and lactic acid contents in roots

GABA lactic acid contents in roots of plants with roots
in aerobic conditions were measured at 7 days after
three-leaf stage of barley, the same period of time and
method described in experiment 1.

Statistical analyses

ANOVA was used to examine the differences of plant
growth parameters in different genotypes, under aerobic
conditions and waterlogging treatment. Root porosity
was also analysed by two-factorial (genotypes and days
of measurement) ANOVA. The Student’s ¢ test was also
used to examine the difference of plant growth param-
eters and root porosity between aerobic conditions and
waterlogging treatment.
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Results

Waterlogging tolerance and plant growth of the six
genotypes

The waterlogging tolerance of all genotypes used in this
study was ranked based on a combined score of plant
healthiness using a score from 0 to 10 (O=plant is totally
dead; 10=no visual symptoms of stress) (Zhou 2011)
after 9-week waterlogging treatment. Genotypes showed
significant difference in waterlogging tolerance.
TAM407227 (9.5) and Yerong (8.0) were the most toler-
ant, followed by YSM1 (6.5) and Gairdner (5.0). Frank-
lin (1.5) and Naso Nijo (1.0) were the most waterlogging-
susceptible genotypes. The difference in two contrast-
ing genotypes after 6-week waterlogging is illustrat-
ed in Fig. S1. TAM407227 showed very good toler-
ance to waterlogging, which kept a high growth rate
under waterlogging conditions. The results are con-
sistent with those previously reported that Yerong
was tolerant while both Franklin and Naso Nijo
were very sensitive (Zhou 2011; Zhou et al. 2012;
Zhou et al. 2007).

In aerated conditions, there was no significant
difference in root parameters (longest adventitous
root length, adventitous root number, and root dry
weights) among six genotypes. When plants were
grown in aerated potting mix, Naso Nijo had con-
siderably higher shoot dry weight than the other
genotypes (Table 2).

Waterlogging greatly reduced (P<0.05) the length of
the longest adventitous root, shoot dry weights and root
dry weight among all these six genotypes (Table 2).
After 7 days of waterlogging, there was no significant
difference in terms of either shoot (0.11 g on average) or
root dry weights (0.07 g on average). Waterlogging-
tolerant genotypes TAM407227 and Yerong had a
much higher ability of maintaining adventitious
roots length than the other four genotyps after 7-
day waterlogging (Table 2). Waterlogging also had
a significant impact on adventitous root number
(P<0.01). After 7-day waterlogging, the number
of adventitious roots increased in Naso Nijo; de-
creased in Yerong, TAM407227 and Gairdner; and
did not show any significant (P<0.05) change in
Franklin and YSMI1 (Table 2). None of the mea-
sured plant growth parameters was significantly
correlated with waterlogging tolerance and aeren-
chyma formation (at P<0.05).
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Table 2 Plant agronomical characteristics measured from aerated (potting mix) and waterlogged (brown sodosol soil; 7 days of

waterlogging) treatments

Longest adventitious Adventitious root Shoot dry Root dry
root length number weight weight
Genotypes Aerated  Waterlogging Aerated ~ Waterlogging Aerated ~ Waterlogging Aerated ~ Waterlogging
(cm) (% of aerated) (% of aerated) (2) (% of aerated)  (g) (% of aerated)
TAMA407227  24.30 95.75 30.00 58.33 0.09 45.67 0.08 43.12
Yerong 20.33 90.18 20.00 71.35 0.22 55.33 0.09 53.57
YSMI 20.73 65.41 17.50 104.17 0.15 85.13 0.09 43.17
Gairdner 21.50 62.67 32.50 73.08 0.11 94.54 0.08 68.00
Franklin 15.95 82.78 26.25 100.00 0.18 72.61 0.09 5111
Naso Nijo 19.73 67.65 15.83 126.32 0.40 45.53 0.09 40.94

The stress as administered when plants were at the three-leaf stage. Values for plants grown in aerated potting mix were the means of two
plants in each three replicates. Values for plants grown in waterlogged brown sodosol soil were presented as the percentage of the values for

plants grown in aerated potting mix
Aerenchyma formation in experiment 1

Before waterlogging treatment (day 0), a small proportion
of aerenchyma was found in two waterlogging-tolerant
genotypes, TAM407227 (1.8+0.1 %) (Fig. la) and
Yerong (4.4+0.2 %) (Fig. 1b), but no aerenchyma was
found in the roots of Franklin (Fig. I1c) and Naso Nijo
(Fig. 1d). Seven days after waterlogging treatment, acren-
chyma was formed in all genotypes (Figs. le-h). Howev-
er, the percentage of aerenchyma differed considerably,
with waterlogging-tolerant genotypes TAM407227 (20.0
+2.2 %) and Yerong (11.7+1.5 %) (Fig. le, f) showing a
much higher percentage of aerenchyma than
waterlogging-susceptible genotypes Franklin (2.6+
0.2 %) and Naso Nijo (4.5+£0.6 %) (Fig. 1g, h).

TAMA407227 Yerong

Fig. 1 Light micrographs of cross section of adventitious roots
growing in brown sodosol soil. Under aerobic conditions (day 0,
just before waterlogging treatment), TAM407227 (a) and Yerong
(b) had a small proportion of aerenchyma, while Franklin (¢) and

Franklin

Root porosity of plants in experiment 1

There was no significant difference in the root porosity
on day O (before waterlogging treatment) among six
genotypes. After waterlogging treatments, root porosity
of all the genotypes increased steadily and quickly from
day 1 to day 14 (Fig. 2). On average, the percentage of
root porosity increased from about 7.2 % at day 0 to
8.1 % at day 3, 10.8 % at day 7 and 17.7 % at day 14.
There were significant differences in root porosity
among the six genotypes in different days of measure-
ment, and the interactions between genotypes and days
of measurement were also significant (P<0.01). The
root porosity of two waterlogging-tolerant genotypes,
TAMA407227 and Yerong, increased to approximately

Aerobic
D
a9
4
- Waterlogged
H
Naso Nijo

Naso Nijo (d) lacked aerenchyma. After 7-day waterlogging,
TAM407227 (e) and Yerong (f) had a larger proportion of aeren-
chyma than Franklin (g) and Naso Nijo (h). Bar=100 pm
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Fig.2 Adventitious root porosity 30

30

of six different barley genotypes TAM407227 Yerong
after 0, 1,3, 5,7, 14,21, 28, 35 25 B 25
and 42 days of waterlogging in a
brown sodosol soil. Waterlogging 20 20
was started at the three-leaf stage
of barley. Values are the means=+ 15 15
standard deviations of three repli- 10
cates. Each replicate represents 10
roots from three single plants 5 5
growing in different tanks
o LI e e o LT L]
0 1 3 5 7 14 21 28 35 42 0 1 3 5 7 14 21 28 35 42
30 30 Gaird
airaner
2 YSMA1 25
S
= 2 20
‘»
S 15 15
g
— 10 10
o
@]
. 5 D |j |i| 5 |j |_j|
R R
0 1 3 5 7 14 21 28 35 42 0 1 3 5 7 14 21 28 35 42
30 30
Franklin Naso Nijo
25 25
20 20
15 15
10 10

14 % at 7 days after waterlogging. In contrast, the most
sensitive genotypes, Franklin and Naso Nijo, showed a
slower increase of root porosity, with only a slightly
higher percentage of root porosity (7 % at day 7) than
the control (6 % at day 0). Both YSM1 and Gairdner
showed an intermediate increase in root porosity within
the first 7 days of waterlogging treatment, which is
consistent with their medium waterlogging tolerance.
Significant increases (P<0.01) in root porosity from
day 7 to day 14 were found in all six genotypes, from
10.8 to 17.7 % on average (Fig. 2).
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Time of waterlogging treatment (d)

Figure 3 compares kinetics of aerenchyma develop-
ment at early stages of waterlogging stress between
contrasting (sensitive—Franklin and Naso Nijo; toler-
ant—TAM407227 and Yerong) genotypes. As can be
seen, the slope of the curve is drastically different be-
tween tolerant (ascending; closed symbols in Fig. 3) and
sensitive (flat; open symbols in Fig. 3) varieties. At later
stages, however, the rate of aerenchyma changes is
about the same between sensitive and tolerant varieties.
Taken together, this suggested that the difference in
percentage of aerenchyma comes from the time when
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Fig. 3 Kinetics of aerenchyma —0—TAM407227 —&—Yerong
development in barley in brown
sodosol soil: aerenchyma 16 —O—Franklin —>—Naso Nijo
percentage as a function of time at
early stages of waterlogging
stress. Mean=SE (n=3) 14
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the process has started (sooner in tolerant varieties). This
is further supported by Table S1 showing statistical
information on root porosity as a function of time.

All genotypes showed a decrease in root porosity
from day 14 to day 42 (Figs. 2 and 3). At most stages,
waterlogging-tolerant genotypes (TAM407227 and
Yerong) had higher root porosity than sensitive geno-
types (Franklin and Naso Nijo) (Fig. 2). The biggest
differences between tolerant genotypes and sensitive
genotypes were found 7 days after waterlogging treat-
ment, with both waterlogging-tolerant and intermediate
genotypes having a significant increase and
waterlogging-sensitive genotypes showing a little
change in the percentage of root porosity.

Root porosity of plants in experiment 2

When grown in aerobic potting mix, the adventitious
root porosity was relatively consistent in a period of
6 weeks for all the genotypes, ranging from 3 to 5 %
(Fig. S2), confirming the above observations that no
aerenchyma or little aerenchyma was formed when
waterlogging stress was not applied. Root porosity for
all the genotypes on day 0, in non-waterlogged brown
sodosol soil (7.2+0.8 %), were significantly higher
(P<0.01) than the root porosity of all the genotypes in
aerated potting mixture (4.0+£0.5 %). There was no
significant difference in root porosity among the

Time after treatment (days)

selected genotypes when grown in the drained brown
sodosol soil before waterlogging started (P=0.23) or
when in the aerobic potting mix at the same growth
stage (P=0.40).

Antioxidant enzyme activity

Waterlogging stress showed significant effects on anti-
oxidant enzyme activity in leaves (Fig. 4a). SOD activ-
ity of waterlogging-tolerant genotypes TAM407227,
Yerong and YSM1 decreased and those of
waterlogging-sensitive genotypes, Franklin, Naso Nijo
and Gairdner increased after 7 days of waterlogging
treatment. Except for Gairdner, the 14-day waterlogging
treatment showed the opposite trend in the changes of
SOD activities, with slight increases in TAM407227 and
Yerong, a significant increase in YSM1 but significant
decreases in both Franklin and Naso Nijo.

Seven days of waterlogging treatment caused a sig-
nificant decrease in CAT activity in leaves of all geno-
types except TAM407227 (Fig. 4b). Similarly, 14-day
waterlogging treatment changed the pattern of CAT
activity. Yerong, YSM1, Gairdner and Naso Nijo
showed significant increase in CAT activity, while
TAM407227 had a significant decrease in CAT activity
after 14 days of waterlogging treatment.

Waterlogging treatment showed no effects on APX
activity in leaves of both Yerong and TAM407227, but
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Fig. 4 Antioxidant enzyme activities, including SOD (a), CAT
(b), APX (¢) and POD (d), under aerated conditions (potting
mixture, experiment 2) and waterlogging stress (brown sodosol
soil, experiment 1) after 7- and 14-day waterlogging treatment

significantly increased APX activity in YSM1 (Fig. 4c¢).
Opposite effects of 7- and 14-day waterlogging treat-
ments on APX activity were found for Gairdner and
Naso Nijo (Fig. 4c). The most significant change in
APX activity was found in YSM1 with the activity
being four times higher than that of control after 14-
day waterlogging treatment.

A significant increase in POD activity was only
found in leaves of TAM407227 after 7 days of treat-
ment, but the activity was much lower than the controls
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which started at three-leaf stage of barley. Values are the means+
standard deviations of three replicates. Each replicate represents
only green leaves from three single plants growing in different
tanks

after 14 days of waterlogging (Fig. 4d). Waterlogging
treatment caused significant increases in POD activity of
YSM1, Franklin and Naso Nijo (Fig. 4d).

GABA contents in roots

GABA contents in waterlogging-tolerant genotypes
(TAM407227 and Yerong) and waterlogging-sensitive
genotypes (Franklin and Naso Nijo) increased dramati-
cally after 7-day waterlogging treatment (Fig. 5). No
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Fig. 5 GABA contents under
aerated conditions (potting
mixture, experiment 2) and
waterlogging stress (brown
sodosol soil, experiment 1) after
7-day waterlogging treatment
which started at three-leaf stage.
Values are the means+standard
deviations of three replicates.
Each replicate represents roots
from three single plants growing
in different tanks

significant changes in GABA contents were found in
both YSM1 and Gairdner.

Lactic acid contents in roots

Seven days after waterlogging treatment, lactic acid
contents in roots increased significantly in YSM1 and
Franklin (Fig. 6). In contrast, lower lactic acid contents
were found in Yerong and Gairdner while lactic acid
contents in TAM407227 and Naso Nijo changed little
after waterlogging treatment.

Correlations between waterlogging tolerance
and physiological traits

The percentage of root porosity at different stages of
waterlogging stress showed significant correlations with
waterlogging tolerance. The highest correlation between
waterlogging tolerance and root porosity was found
7 days after waterlogging treatment (R*=0.91,
P<0.01) (Table S2). Thus, the percentage of root

Fig. 6 Lactic acid contents under
aerated conditions (potting
mixture, experiment 2) and
waterlogging stress (brown
sodosol soil, experiment 1) after
7-day waterlogging treatment
which started at three-leaf stage.
Values are the means+standard
deviations of three replicates.
Each replicate represents roots
from three single plants growing
in different tanks
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porosity after 7 days of waterlogging treatment can be
the best indication for waterlogging tolerance of a
variety.

Waterlogging treatment showed significant effects
(P<0.01) on the activity of different antioxidant en-
zymes in leaves. However, no clear correlation between
waterlogging stress tolerance and activity of major en-
zymatic antioxidants in leaves was observed. The best
putative fit was observed between waterlogging toler-
ance and SOD activities (r=0.63 after 7 days of
waterlogging and r=0.61 after 14 days of
waterlogging). However, none of these correlations
were statistically significant (P<0.05). Moreover, the
correlation between SOD activity and waterlogging tol-
erance was negative, suggesting that, as a very best,
elevated SOD levels may be used as stress markers but
not as traits conferring waterlogging tolerance in barley.

Varieties showed different responses to waterlogging
treatment in accumulating both GABA and lactic acid,
but no significant correlation (at P<0.05) between
waterlogging tolerance and GABA or lactic acid con-
tents was found. The relatively higher correlation

Daerated = waterlogging
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coefficient (r=0.67) between waterlogging tolerance
and GABA contents after 7-day waterlogging treatment
indicated that the relatively waterlogging-tolerant geno-
types might have lower levels of GABA contents in
roots.

Discussion

Waterlogging tolerance is associated with faster
aerenchyma formation

Oxygen diffusion in water is 10* times slower than the
diffusion in air (Armstrong 1979). Therefore, roots
surrounded by water have very limited oxygen uptake
and ATP production is greatly decreased with the oxygen
deprivation, resulting in the lack of energy in waterlogged
plants (Colmer and Voesenek 2009). Root aerenchyma is
a special tissue with gas spaces, forming an internal
system to improve the diffusion and thus concentration
of oxygen within roots when in waterlogged soil (Arm-
strong 1979; Colmer 2003b). Increased oxygen concen-
tration in roots leads to higher respiration rates, generat-
ing increased energy (ATP) in roots, improving nutrient
uptake (Colmer and Greenway 2011) and plant survival
under waterlogging conditions (Armstrong and Arm-
strong 1999; Colmer and Voesenek 2009).

Wetland species, such as rice, are able to form
constitutive aerenchyma. The constitutive root po-
rosity in rice can be 20-30 %, increasing to more
than 40 % in waterlogged soils (Colmer 2003a;
Steffens et al. 2010). The wild relative of barley
Hordeum marinum and some wild relatives of
maize can also form constitutive root aerenchyma
under well-aerated conditions. This ability is ex-
pected to be a valuable waterlogging tolerance trait
for environments with transient waterlogging since
plants with developed aerenchyma adapt to water-
logged soils quickly (Malik et al. 2009; Mano and
Omori 2008). In our experiments, neither cultivat-
ed barley genotypes nor their wild relative
TAM407227 formed a significant amount of con-
stitutive aerenchyma in aerobic conditions. All the
genotypes had a low percentage of root porosity
and no significant differences were found among
genotypes. Our results were slightly different from
the report by Broughton et al. (2015), who found
not only higher percentage of root porosity but
significant differences among barley genotypes

@ Springer

when subjected to hydroponic aerated solutions.
It is possible that the aerated hydroponic solution
generated slight hypoxic conditions (or perhaps
increased root ethylene), causing the increase of
root porosity in waterlogging-tolerant genotypes.

Higher percentage of aerenchyma can also be in-
duced in roots of many plants by waterlogging stress.
Waterlogging-tolerant species, such as the wild relative
of barley H. marinum (Garthwaite et al. 2003) have
significantly higher root porosity than the susceptible
species under waterlogging conditions. The linkage be-
tween root porosity and waterlogging tolerance were
also found in wheat (Mcdonald et al. 2001), maize
(Mano and Omori 2013), soybean (Shimamura et al.
2010) and forage legumes (Gibberd et al. 1999; Teakle
et al. 2011). In our experiments, waterlogging-tolerant
barley genotypes had significantly higher root porosity
than susceptible genotypes under waterlogging treat-
ment. The tolerant genotypes also had a faster increase
of root porosity with accelerated aerenchyma develop-
ment under waterlogging treatment. In legumes, the
faster aerenchyma formation is associated with the re-
covery of N metabolism in roots (Thomas et al. 2005)
and improves the internal oxygen transport from shoot
to waterlogged roots, enhancing an increased concen-
tration of oxygen in the root zone (Shimamura et al.
2010; Teakle et al. 2011). The waterlogging-tolerant
legume Melilotus siculus (Teakle et al. 2011) and
waterlogging-tolerant soybean genotypes (Shimamura
et al. 2010; Thomas et al. 2005) were able to form
aerenchyma rapidly, reaching more than 20 % of poros-
ity after 7 days waterlogging treatment. In contrast, less
than 10 % of root porosity was detected in the relatively
less waterlogging-tolerant wheat (Yamauchi et al. 2014)
and canola (Voesenek et al. 1999) after 7 days of
waterlogging treatment. In our experiments, two
waterlogging-tolerant genotypes, TAM407227 and
Yerong, started to form aerenchyma within 7 days of
waterlogging stress with the root porosity showing a
significant increase (from 6 to 14 %) at that time. In
contrast, two sensitive genotypes, Franklin and Naso
Nijo, showed only a slight increase in the percentage
of root porosity (from 6 to 7 %) at 7 days after
waterlogging. Therefore, fast acrenchyma formation is
likely a key mechanism in tolerant barley genotypes
under waterlogging stress.

The percentage of root porosity of almost all
genotypes used in this study reached the highest
level at 14 days after waterlogging and declined
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afterwards. The low and inconsistent root porosity
may be caused by damage to the root system after
prolonged waterlogging (more than 14 days).
Prolonged waterlogging was reported to induce
microelement toxicities, such as Mn?" and Fe**
(Shabala 2011) or toxic secondary metabolites
(Pang et al. 2007a). These toxicities affect root
nutrient uptake and membrane transport activities
(Pang et al. 2007a), resulting in the disturbance of
signalling systems in waterlogged plants (Voesenek
and Sasidharan 2013) and leading to root system
damage.

Waterlogging influence on plants growth

Waterlogging significantly decreased plant growth and
development. After 21 days of waterlogging treatment,
growth parameters, including longest adventitious root
length, shoot dry weight, and root dry weight were
reduced to 20-80 % of the same growth parameters in
aerated conditions (Broughton et al. 2015; Garthwaite
et al. 2003; Mcdonald et al. 2001; Pang et al. 2004).
After 7 days of waterlogging treatment, the longest
adventitious root length, shoot dry weight and root dry
weight of all the six genotypes also decreased by 40—
95 % of the same growth parameters in aerated condi-
tions. Adventitious root number of some Hordeum and
Triticeae crops increased or decreased in anoxia treat-
ment, compared with the adventitious root number of
crops in aerated conditions (Garthwaite et al. 2003;
Mcdonald et al. 2001). Similar results are reported in
our experiment. Under waterlogging stress the adventi-
tious root number increased in Naso Nijo but decreased
in three other barley genotypes. However, none of the
measured growth parameters were significantly corre-
lated with waterlogging tolerance and aerenchyma for-
mation. Close correlations between root aerenchyma
formation and leaf injury, root dry mass and root length
were reported in legume Lotus japonicas (Striker et al.
2014). However, these growth parameters cannot be
used as the fast selection criteria to screen waterlogging
tolerance in barley.

Waterlogging tolerance is not correlated to antioxidant
enzyme activities in the leaves

Activities of antioxidant enzymes under waterlogging
conditions have been studied in various plant species but
gained rather controversial results (Table 3). While

activities of some AO enzymes are indeed increased
under stress conditions, others are unchanged, or even
decreased (Table 3). Even in the same species, the
results vary between different experiments. For exam-
ple, in maize, SOD, CAT and APX activity in leaves
increased under waterlogging conditions in one experi-
ment (Tang et al. 2010), but decreased under
waterlogging conditions in another experiment (Yan
et al. 1996). The inconsistency of antioxidant enzyme
activities is mainly due to the fact that ROS production
and enzyme activities are highly unstable and time-
dependent (Fan et al. 2014). In barley leaves,
waterlogging stress caused decreased SOD activity in
one experiment (Yordanova et al. 2004), but increased
SOD activity in another experiment (Zhang et al. 2007).
Consistent with this, our experiments showed no corre-
lation between different enzyme activities and
waterlogging tolerance. Since excessive accumulation
of metal ions in plants is a possible factor in triggering
ROS production (Shabala et al. 2014), selecting
waterlogging-tolerant genotypes can partially be
achieved through plant tolerance to toxic Mn** and
Fe?" which often is increased in waterlogged soils
(Khabaz-Saberi et al. 2005). This is consistent with
our recent study with the demonstration of a significant
correlation between Mn®" tolerance and waterlogging
tolerance in barley (Huang et al. 2014). In the light of
above, we believe that using activity of enzymatic AO
as biochemical markers will not be able to discover
QTLs conferring waterlogging stress tolerance in barley.

While this work was focused predominantly on aer-
enchyma and AO enzymes, other physiological traits
need to be considered in future experiments and, specif-
ically, those important to mitigate damaging effects of
energy crisis and cell acidosis under hypoxic conditions.

Cytosolic pH decreases sharply in response to anox-
ia, typically from 7.2 to 6.7-6.8 pH units within minutes
or even seconds (Ratcliffe 1997; Felle 2005). This cy-
tosolic pH decrease is believed to represent the optimal
conditions for metabolism under suboptimal oxygen
supply (Ratcliffe 1997) and was postulated to act as an
intracellular messenger to mediate the activation of the
H'-ATPase (Reggiani et al. 1992). Thus, finding QTLs
associated with such cell acidosis and regulation of H'-
ATPase may be a useful strategy for breeders, especially
in the light of the crucial role of H'-ATPase in mem-
brane potential maintenance and control over plant
membrane transport activity (see Shabala et al. 2014
for most recent review). Another important target may
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be hypoxia-induced shifts in cell metabolism and, spe-
cifically, interplay between carbohydrate concentrations,
alcoholic fermentation, and GABA production (Jaeger
et al. 2009; Shabala 2011). GABA content increases
dramatically in waterlogged plants (Bailey-Serres and
Voesenek 2008). It was shown that differences in GABA
conversion into alanine (which might result in an accu-
mulation of phytotoxic levels of intermediates) was a
crucial factor differentiating waterlogging stress tolerance
among Fraxinus species from different ecophysiological
habitats (Jaeger et al. 2009). Also important is the trans-
port of sugar to the root system (Drew 1997). All these
traits should be considered as potential biochemical tar-
gets in breeding programs.

Waterlogging tolerance is not related to GABA
and lactic acid contents in roots

GABA is formed with glutamate decarboxylase as a
catalyser, with cytosolc H" and Ca®" activating the
glutamic acid precursor process (Ratcliffe 1997;
Shabala et al. 2014). The GABA is considered a mech-
anism adapting to oxygen deprivation (Drew 1997,
Kreuzwieser et al. 2009). The increase in GABA con-
tents under waterlogging conditions was reported in
both trees (Kreuzwieser et al. 2002) and Lotus japonicus
(Rocha et al. 2010). Similar with the report in trees
(Kreuzwieser et al. 2002), we found that GABA could
accumulate in both waterlogging-tolerant and
waterlogging-sensitive genotypes in barley. Therefore,
GABA accumulation under waterlogging stress is un-
likely to be a mechanism for differential waterlogging
tolerance in barley.

A lack of oxygen in waterlogged roots induces the
anaerobic mode of the plants, such as alcoholic and
lactic acid fermentation. However, anaerobic respira-
tions were relatively inefficient for energy production
and the overproduction of lactic acid can also cause cell
death in roots (Drew 1997; Shabala 2011). A correlation
between waterlogging tolerance and higher lactic acid
fermentation was reported in Limonium (Rivoal and
Hanson 1993). In addition, lactic acid efflux also plays
an important role for waterlogging tolerance in maize
(Xia and Saglio 1992). However, in our study, no asso-
ciations were found between waterlogging tolerance
lactic acid contents in barley.

In conclusion, waterlogging-tolerant genotypes of
barley showed not only significantly higher adventitious
root porosity than susceptible genotypes but, more

importantly, a faster increase of root porosity resulting
from faster development of aecrenchyma. The percentage
of root porosity after 7 days of waterlogging treatment
showed the greatest differences among genotypes. In
barley, the changes in antioxidant enzyme activities in
leaves, GABA and lactic acid contents in roots under
waterlogging conditions do not appear to be targets
when thinking of selection criteria for waterlogging
tolerance in barley.
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